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Adult-born granule cells (GCs), a minor population of
cells in the hippocampal dentate gyrus, are highly
active during the first few weeks after functional inte-
gration into the neuronal network, distinguishing
them from less active, older adult-born GCs and
the major population of dentate GCs generated
developmentally. To ascertain whether young and
old GCs perform distinct memory functions, we
created a transgenic mouse in which output of old
GCs was specifically inhibited while leaving a sub-
stantial portion of young GCs intact. These mice
exhibited enhanced or normal pattern separation
between similar contexts, which was reduced
following ablation of young GCs. Furthermore, these
mutant mice exhibited deficits in rapid pattern
completion. Therefore, pattern separation requires
adult-born young GCs but not old GCs, and older
GCs contribute to the rapid recall by pattern comple-
tion. Our data suggest that as adult-born GCs age,
their function switches from pattern separation to
rapid pattern completion.
INTRODUCTION
The hippocampus plays a crucial role in episodic memory (Sco-
ville and Milner, 1957; Burgess et al., 2002; Squire et al., 2004). It
allows the formation of distinct memories of similar episodes by
generating distinct representations of the temporal and spatial
relationships comprising the events (pattern separation). This
ability of the hippocampus is critical because many episodes
we experience daily have similarities, but it is often important188 Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc.to memorize distinct features of a particular episode. The hippo-
campus is also involved in the recall of previously acquired
memories by reactivating the full representations of those mem-
ories using partial information as recall cues (pattern comple-
tion). This ability of the hippocampus is also important because
in real life, specific episodes are rarely replicated in full.
These mnemonic requirements have been suggested to be
subserved by specific hippocampal subregions and circuits (Fig-
ure 1A). For pattern completion, synaptic transmission and plas-
ticity in the recurrent network of CA3 have been proposed to play
a crucial role on a theoretical basis (Marr, 1971; McNaughton
and Morris, 1987; O’Reilly and McClelland, 1994; Treves and
Rolls, 1994; Hasselmo et al., 1995), and this has been supported
by the targeted manipulation of NMDA receptors in CA3 (Naka-
zawa et al., 2002). Conversely, synaptic transmission and plas-
ticity in the feed-forward pathway from the entorhinal cortex
(EC) / dentate gyrus (DG) / CA3 have been implicated in
pattern separation based on the spatial and temporal segrega-
tion of the initially overlapping EC memory engrams (Marr,
1971; McNaughton and Morris, 1987; O’Reilly and McClelland,
1994; Treves and Rolls, 1994; Leutgeb et al., 2007; Bakker
et al., 2008). This hypothesis has been supported by impair-
ments observed in rodents with DG lesions (Gilbert et al.,
2001; Hunsaker and Kesner, 2008) as well as mice with a tar-
geted deletion of NMDA receptors in DG granule cells (GCs)
(McHugh et al., 2007). These theoretical and experimental
studies, however, did not consider the heterogeneity of DG
GCs where most GCs (95%) are generated early during devel-
opment and do not divide thereafter throughout the animal’s life
(developmentally born neurons) (Schlessinger et al., 1975; Alt-
man and Bayer, 1990). However, the DG also contains neural
progenitor cells that generate GCs throughout life (adult-born
neurons), which compose the remaining 5% of the total GCs
in adult animals (Altman and Das, 1965; Eriksson et al., 1998;
Gould et al., 1999; Imayoshi et al., 2008). Recently, mice with
Figure 1. Application of the DICE-K Method to the MF Pathway
(A) Excitatory pathways in the hippocampus and EC. Red and green colors designate alternative pathways.
(B) Transgenic constructs. For the production of the DG-TeTXmouse and themodel mouse (DG-GFP), Tg1, Tg2, and Tg3-TeTXmice and Tg1, Tg2, and Tg3-GFP
mice were crossed, respectively.
(C–E) A hippocampal section from a DG-GFP mouse raised on Dox, followed by a 2 week Dox withdrawal, costained with anti-GFP (green), anti-Prox1 (a marker
for DG GCs [red]), and anti-NeuN (a marker for neurons [blue]). Images shown through a green filter (C), through a red filter (D), and through all three filters (E).
(F–H) Hippocampal sections costained with anti-GFP (green) and DAPI (a marker for cell nuclei blue]) from a chronically repressed (Dox-on) DG-GFP mouse (F),
from a mouse after a 2 week Dox withdrawal (G), and from a mouse in which withdrawal was followed by a 3 week Dox readministration (H).
(I–L) Hippocampal sections stained with anti-VAMP2 from control (I) and DG-TeTX mice (J) both raised on Dox and from a DG-TeTX mouse raised on Dox,
followed by a 4 week Dox withdrawal (K) and further followed by a 4 week Dox readministration (L).
(M) Locations of various hippocampal strata.
Scale bars, 500 mm. See also Figure S1.reduced adult-born cells were shown to exhibit a deficit in
pattern separation (Clelland et al., 2009; Scobie et al., 2009; Tro-
nel et al., 2012), whereas mice with augmented adult neurogen-
esis were shown to have enhanced pattern separation (Creer
et al., 2010; Sahay et al., 2011). These studies left unanswered
the function of the vast majority of the GCs generated develop-
mentally. Are they also involved in pattern separation as the
theories and earlier experiments suggested? Another unan-
swered question concerns the age of adult-born GCs. These
cells are highly active during the first few weeks after functional
integration into the neuronal network (young GCs; Schmidt-
Hieber et al., 2004; Ge et al., 2007) but become less active
thereafter and functionally indistinguishable from the old devel-
opmentally born GCs (together, old GCs; Laplagne et al.,
2006). The previous studies did not specify which of the two
subsets of adult-born GCs (young or old, or both) is responsible
for pattern separation.
To investigate these issues, we created a transgenic mouse in
which output of old GCs was specifically inhibited by the tetanus
toxin (TeTX) while young GCs (up to 3 to 4 weeks old) were left
intact and used context- or space-discriminating memory tasks
to examine the pattern separation capability of these mice.
These mice exhibited normal or enhanced pattern separation
capability between similar contexts that was significantly
reduced following removal of young GCs by X-ray irradiation.Contrary to expectations, mutant mice (no X-ray irradiation) dis-
played deficits in rapid pattern completion-mediated memory
recall.
RESULTS
Generation of Triple-Transgenic Mice
Triple-transgenic DG-TeTX mouse and the triple-transgenic DG-
green fluorescent protein (GFP) mouse were generated using the
DICE-Kmethod (Nakashiba et al., 2008) (Figure 1B). In themodel
mouse raised on doxycycline (Dox) followed by a 2 week Dox
withdrawal, GFP was expressed robustly and exclusively in the
DG throughout the septotemporal axis (Figures S1A and S1B
available online). GFP expression was detected in the DG GC
layer, the DG molecular layer, and the lucidum of CA3, corre-
sponding to the location of GC dendrites and mossy fibers
(MFs), respectively (Figures 1C–1E). GFP expression was
repressed under Dox-on conditions (Figure 1F), activated under
Dox-on-off conditions (Figure 1G), and re-repressed under Dox-
on-off-on conditions (Figure 1H), in which mice were returned to
a Dox diet for 3 weeks after 2 weeks of Dox withdrawal.
MF Synaptic Transmission Is Blocked in DG-TeTX Mice
VAMP2’s immunoreactivity (IR) can be used as a criterion for
transmission at MF-CA3 synapses. VAMP2 IR patterns wereCell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc. 189
Figure 2. Blockade of MF Synaptic Transmission in DG-TeTX Mice and Comparison of Firing and Synaptic Properties of Young Adult-Born
GCs in Control and Activated DG-TeTX Mice
(A and B) I-O relationships of MF input to CA3 in control ACSF (A) and in the presence of forskolin (B).
(C) I-O relationships of the PP input to CA3.
(D) I-O relationships of the RC input to CA3. Blue, control littermates (Tg13Tg3-TeTX) raised under Dox-on conditions, followed by a 6 week Dox withdrawal;
green, repressed DG-TeTX mice (always Dox-on); red, activated DG-TeTX mice raised under Dox-on conditions, followed by a 6 week Dox withdrawal; black,
DG-TeTX mice raised under Dox-on conditions, followed by a 6 week Dox withdrawal, followed by a 4 week Dox readministration. For all I-O relations shown,
n = 4–7 from at least four different mice per genotype/condition. Representative traces for each condition and pathway are indicated on the right. *p < 0.05,
**p < 0.01 between control and activated DG-TeTX mice (t test).
(E–I) Firing and synaptic properties of young (3- to 4-week-old) adult-born GCs in control and activated DG-TeTX mice. (E) Representative traces showing
membrane and firing properties of young GCs to hyperpolarizing (50 pA; black traces) and depolarizing (+50 and +100 pA, red and blue traces, respectively)
current injections. (F and G) Representative gap-free traces of pharmacologically isolated spontaneous GABAA and AMPA receptor-mediated IPSCs (F) and
EPSCs (G) with ensemble averages (right traces) in young GCs. (H) Paired pulse (50 ms interstimulus interval) PP-evoked EPSCs at a holding potential of70mV
(black traces, AMPAR-mediated current) and at a holding potential of +40 mV (red traces, NMDAR-mediated current) in representative recordings from
190 Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc.
indistinguishable between the DG-TeTX and control mice (all
control mice are of the Tg13Tg3-TeTX genotype) kept on Dox
(Figures 1I and 1J). After 4 weeks of Dox withdrawal, VAMP2
IR was greatly reduced selectively in the stratum (s.) lucidum in
DG-TeTX mice (Figure 1K), suggesting an inhibition of synaptic
transmission at MF terminals. VAMP2 IR was restored to control
levels following a 4 week Dox-on period (Figure 1L).
Synaptic transmission at MF, perforant path (PP), and recur-
rent (RC) inputs in slices from repressed DG-TeTX and control
mice were indistinguishable (Figures 2A, 2C, and 2D). In
contrast, slices from activated DG-TeTX mice exhibited severely
impaired MF transmission but normal PP and RC transmission
(Figures 2A, 2C, and 2D). Importantly, MF excitability was
comparable between control, repressed, and activated DG-
TeTX mice (Figure S2), confirming that the impaired MF trans-
mission observed in the DG-TeTX mice reflects a deficit in
release rather than inefficient fiber stimulation. In contrast to
the robust potentiation observed in slices from control and
repressed DG-TeTX mice, MF transmission remained barely
detectable in slices from activated DG-TeTX mice even when
release probability was enhanced with forskolin (Weisskopf
et al., 1994) (Figure 2B). As with VAMP2 IR, MF transmission
was completely restored in slices from re-repressed DG-TeTX
mice (Figures 2A and 2B). Considered together, the ex vivo
VAMP2 IR and in vitro field recording data indicate that MF
synaptic transmission in DG-TeTX mice is robustly inhibited
by the loss of vesicle fusion selectively at MF terminals in an
inducible and reversible manner. Importantly, no detectable
abnormalities were found in the cytoarchitecture of MF projec-
tions or the hippocampus in activated DG-TeTX mice (Figures
S1C and S1D).
MF Synapses of Young Adult-Born GCs Are Intact
in DG-TeTX Mice
The generation and survival of adult-born GCs were normal in
activated adult DG-TeTX mice (Figures S3A–S3C). Moreover,
the differentiation of neural progenitor cells in activated DG-
TeTX mice produced normal proportions of GCs and glia
(Figures S3D–S3G). A genetically engineered Moloney viral
vector (Figure 3A) was injected into the DGs of activated DG-
TeTX mice and control littermates to selectively label MF bou-
tons from adult-born GCs (van Praag et al., 2002) and examine
whether the transmissions at these synapses are inhibited
(Figure 3B). Three weeks after the viral injection (Figures 3C
and 3D), numerous mCherry-fused VAMP2-positive puncta
(mCheV2, red) appeared in CA3 s. lucidum (where MFs should
synapse onto CA3 cells). These puncta were superimposed
nearly perfectly with GFP-fused synaptophysin (SypGFP, green)
in both activated DG-TeTX mice and control littermates, with no
discernable difference between the two genotypes. Conversely,
6 weeks after the injection (Figure 3E), the proportion of
SypGFP-positive puncta colocalized with mCheV2 was
substantially reduced in only the activated DG-TeTX mice. Ayoung GCs. (I) Pooled data showing long-term potentiation of PP-evoked A
(see Experimental Procedures) in youngGCs in control (n = 8) and activated DG-Te
the x axes.
Data represent mean ± SEM. See also Figure S2 and Table S1.gradual decrease of this proportion over the ages of the
adult-born GCs was observed (Figure 3F), suggesting that
synaptic transmission at MF terminals of young adult-born
GCs (up to 3 weeks old) was relatively intact, although it grad-
ually decreased as the cells became older (Figure 3F). This
conclusion was supported by the lack of GFP expression in
the adult-born doublecortin (DCX)-positive GCs (a marker for
up to 3-week-old cells) (Nacher et al., 2001; Snyder et al.,
2009) in the DG-GFP mice (Figures 3G–3K). Additional experi-
ments using wheat germ agglutinin (WGA), a synaptic vesicle
fusion-dependent anterograde trans-synaptic marker (Tabuchi
et al., 2000; Braz et al., 2002), demonstrated that synaptic
transmission from 4-week-old adult-born GCs was intact, at
least in the hilar region, in activated DG-TeTX mice (Figures
S3H–S3L).
Young Adult-Born GCs in DG-TeTX Mice Receive
Functional Synaptic Inputs, and Their Functions
Are Unaffected by the TeTX Manipulation
To examine synaptic inputs to young (3-week-old) adult-born
GCs, we injected another Moloney virus (Figure 4A, Virus 1A)
and an engineered rabies virus (Figure 4B, Virus 2) (Wicker-
sham et al., 2007) into the DGs of activated DG-TeTX mice
and control littermates (see Experimental Procedures). In
a control hippocampal section, nearly all GFP-positive (i.e.,
TVA- and rabies G-positive) young adult-born GCs had red
fluorescent protein (RFP) signal derived from Virus 2 as a result
of direct interaction between EnvA and TVA (Figure 4C). With
the complementation of rabies G in the GFP-positive GCs,
monosynaptic retrograde labeling occurred extensively in the
hilar region and sparsely in CA3, where the RFP signal never
overlapped with GFP, excluding the possibility of direct Virus
2 infection into those cells (Figure 4C). RFP signal was also de-
tected in NeuN-positive neurons of EC superficial layer II with
dendrites extending toward layer I (Figures 4E and 4G). RFP
signal was rarely detected in cells other than GFP-positive
GCs when rabies G was not provided by a Moloney virus (Fig-
ure 4A, Virus 1B), further confirming the specificity of retro-
grade labeling (Figures 4D and 4F). In activated DG-TeTX
mice, there was no discernable difference from control mice
in brain areas where cells were retrogradely labeled from young
3-week-old adult-born GCs (Figures 4C, 4E, and 4G), indicating
that young adult-born GCs in DG-TeTX mice receive synaptic
inputs.
We compared the intrinsic membrane and synaptic proper-
ties of young adult-born GCs in control and activated DG-
TeTX mice. Mice (3 to 4 months old) were infected with Moloney
virus encoding GFP and sacrificed 3–4 weeks later for whole-
cell patch clamp recordings from GFP-labeled GCs in acute
hippocampal slices (Figures 2E–2I). No genotype-specific differ-
ences were observed between GFP-labeled GCs for any of the
basic membrane and spiking properties, including resting
membrane potential, input resistance, membrane timeMPAR-mediated EPSCs in response to a theta burst induction protocol
TXmice (n = 6). Inset traces a and b show EPSCs taken at the time indicated on
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Figure 3. Integrity of MF Transmission from Young Adult-Born GCs
(A) A Moloney viral vector encoding bicistronic SypGFP and mCheV2.
(B) SypGFP- and mCheV2-labeled synaptic vesicles (SV). TeTX cleaves the mCheV2, leading to loss of mCheV2 immunoreactivity.
(C) Dox diet, viral injection, and mouse sacrifice schedules.
(D and E) Presence of VAMP2 at MF boutons from 3-week-old adult-born GCs (D) and its absence at MF boutons from 6-week-old adult-born GCs (E). S. lucidum
areas of hippocampal sections stained with anti-GFP (green) and anti-mCherry (red) from control and activated DG-TeTX mice are shown.
(F) Proportion of mCheV2-positive puncta among sypGFP-positive puncta at various GC ages. At least three different mice per genotype/condition were used.
*p < 0.05 for 4-week-old GCs; **p < 0.01 for 5- and 6-week-old GCs (t test).
(G–K) A hippocampal section from a DG-GFPmouse costainedwith anti-GFP (green, G), anti-DCX (red, H), and anti-NeuN (blue, I; merge, J). (K) A confocal image
at a single z axis with green and red filters. Optical sections along the horizontal or vertical lines across multiple z axes are shown on the top and left, respectively.
Scale bars in (D) and (E), 25 mm; (G)–(J), 250 mm; (K), 10 mm. Data represent mean ± SEM. See also Figure S3.constant, and spike frequency/duration (Figure 2E and Table
S1). GFP-labeled cells received both GABAergic inhibitory and
glutamatergic excitatory synaptic input (Figures 2F and 2G
and Table S1), indicating that the synapses observed with
rabies virus (Figure 4) were functional. Importantly, comparison
of control and DG-TeTX young adult-born GCs revealed no
differences in any of the synaptic properties assayed, including
inhibitory/excitatory postsynaptic current kinetics, AMPA/
NMDA ratios, and short- or long-term synaptic plasticity at PP
inputs (Figures 2H and 2I and Table S1). Together, these find-
ings confirm that adult-born GCs are synaptically integrated
into the entorhinal-hippocampal circuitry by 3–4 weeks of age,
and that blockade of transmission in the developmentally born
GCs does not alter the electrophysiological and synaptic prop-
erties of young adult-born GCs.192 Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc.Contextual Discrimination Is Enhanced in DG-TeTX
Mice for a Highly Similar Context Pair
Activated DG-TeTX mice did not exhibit detectable abnormali-
ties in anxiety, locomotor activity, motor coordination, or pain
sensitivity (Figure S5). In contextual fear conditioning, the
activated DG-TeTX mice froze similarly to control mice (Fig-
ure 5A, analysis of variance [ANOVA], genotype: F(1,22) = 0.145,
p = 0.707), and they exhibited no deficit in distinguishing a pair
of relatively distinct contexts, A and D, (Figure 5B, ANOVA,
context: F(1,22) = 107.13, p < 0.0001; genotype: F(1,22) = 0.155,
p = 0.698; context 3 genotype: F(1,22) = 2.145, p = 0.157). We
then subjected another cohort to a contextual discrimination
fear conditioning (McHugh et al., 2007) in which mice learned
to discriminate a pair of very similar contexts over repeated trials
with a single footshock in one of the contexts (shock context; A).
Figure 4. Young Adult-Born GCs Receive Synaptic Inputs
(A) Two different Cre-dependent Moloney viral vectors. Virus 1A (left) expresses GFP, TVA (a receptor for EnvA), and rabies G glycoprotein, whereas Virus 1B
(right) expresses GFP and TVA. Cre-loxP recombination by Tg1 occurs between 1 and 2 weeks after the Moloney virus injection (Figure S4).
(B) Schedule of analysis relative to viral injections.
(C) Hippocampal sections from control and activated DG-TeTX mice injected with Virus 1A and Virus 2 costained with anti-RFP (red), anti-GFP (green), and
anti-NeuN (blue).
(D) A hippocampal section from a control mouse injected with Virus 1B and Virus 2.
(E) Parasagittal sections at two different mediolateral levels covering the EC (first and second columns) from control and activated DG-TeTX mice injected with
Virus 1A and Virus 2. GFP images (third column) are taken from sections shown in the second column. High-magnification images of the EC superficial layers
(fourth column) are from images in the second column.
(F) Parasagittal sections from a control mouse injected with Virus 1B and Virus 2.
(G) RFP- and NeuN-positive cells (arrowheads) in the EC.
Scale bars in (C)–(F), 500 mm; (G), 50 mm. See also Figure S4.The other context (safe context; B) shared nearly all features with
A, except that the sidewalls in B sloped inward at a 60 angle
from the floor. This task, in which DG-NR1 mice are known to
be impaired (McHugh et al., 2007), requires mice to respond to
two similar patterns based on their memory of previous experi-ences with those patterns. On the first 3 days, the mice were
placed only into A, receiving a footshock after 180 s. Freezing
levels were assessed for the first 3 min before shock delivery
(Figure 5C). During conditioning, activated DG-TeTX mice
acquired fear memory to A similar to control mice (Figure 5C,Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc. 193
Figure 5. DG-TeTX Mice Show Enhanced Contextual Discrimination in a Highly Similar Context Pair, and Their Intact Young GCs Are
Necessary for This Discrimination
(A and B) Contextual discrimination between a very distinct context pair, A and D. (A) Freezing levels during the acquisition (blue, control; red, DG-TeTX; n = 12 per
genotype). (B) Freezing levels in A and D during the generalization test.
(C–G) Another set of mice (n = 12 per genotype) were subjected to contextual discrimination between a very similar context pair, A and B. (C) Freezing levels
during the acquisition. (D) Freezing levels in A and B during the generalization test. (E) Experimental procedure for discrimination training between A and B. (F and
G) Freezing levels in A (filled circles) and B (open circles) of control (blue, F) and DG-TeTX mice (red, G).
194 Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc.
ANOVA, genotype: F(1,22) = 0.140, p = 0.712). Context specificity
was tested on days 4 and 5, when the mice of each genotype
were divided into two groups. One group visited A then B on
day 4 and visited B then A on day 5. The other group visited
the contexts in the opposite order. Neither group received
a shock in A or B (Figure 5D). Mice froze somewhat more in
the shock context (A) than in the nonshocked context (B). Both
genotypes showed robust and equivalent generalization
between contexts, and no discernable differences in freezing
were observed (Figure 5D, ANOVA, context: F(1,22) = 4.867, p <
0.04; genotype: F(1,22) = 2.162, p = 0.156; context 3 genotype:
F(1,22) = 1.023, p = 0.323). The mice were subsequently trained
to discriminate these contexts by visiting the two contexts daily
for 12 days, always receiving a footshock 180 s after being
placed in A but not B (Figure 5E). As shown in Figures 5F and
5G, only activated DG-TeTX mice exhibited significant discrimi-
nation across all trial blocks, whereas controls did not acquire
significant discrimination until the final two trial blocks. Thus,
the loss of MF transmission in developmentally born GCs and
older adult-born GCs resulted in no deficit in the discrimination
of highly similar contexts but rather an enhanced discrimination
compared to control mice.
Contextual Discrimination Depends on Young
Adult-Born GCs in Both DG-TeTX and Control Mice
We next ablated adult-born DGGCs by irradiating activated DG-
TeTX mice and control littermates with X-ray (Santarelli et al.,
2003) (Figures 5H, 5I, and 5O) and subjected the irradiated (IR)
and sham-operated (Sham) mice to contextual discrimination
fear conditioning (Figures 5J–5N). Given that the previously
used highly similar context pair (A versus B) was difficult for
control mice to discriminate (Figure 5F), we chose to use
a more distinct yet similar context pair to test the role of adult-
born GCs in pattern separation, thus allowing for a clearer detec-
tion of potential discrimination deficits. The context pair used
(A versus C) was located in the same room and differed in odor
and background noise, in addition to differing sidewalls (which
were the only feature that differed between the highly similar
pair, A and B). All four groups acquired a similar fear memory
to A (Figure 5J, ANOVA, genotype: F(1,52) = 0.314, p = 0.578; irra-
diation: F(1,52) = 0.350, p = 0.350; genotype3 irradiation: F(1,52) =
2.487, p = 0.121) and showed strong generalization to C over the
2 day generalization test (ANOVA, context: F(1,52) = 22.578, p <
0.001). However, DG-TeTXmice showed a slight, but significant,
elevation in generalization to context C (ANOVA, context 3
genotype: F(1,52) = 7.296, p < 0.009), and this was not affected
by irradiation (Figure 5K, ANOVA, context3 genotype3 irradia-
tion interaction: F(1,52) = 0.725, p = 0.398). During discrimination
trainings (Figures 5L–5N), Sham control mice began to discrimi-(H–O) Activated DG-TeTX and control littermates with either IR or Sham (n = 14 pe
context pair, A and C. (H) Mice were focally irradiated 6 weeks prior to contextual
and in the subventricular zone (SVZ; blue, control; red, DG-TeTX; ***p < 0.001 in
red, DG-TeTX; filled circles and solid lines, Sham; open circles and broken lines, I
procedure for discrimination trainings between A and C. (M and N) Freezing levels
DG and SVZ areas of sections stained with anti-BrdU (red) and anti-NeuN (blue). *
(O), 500 mm.
Data represent mean ± SEM. See also Figure S5.nate A and C on trial block 2, three blocks earlier than the A
versus B discrimination (Figure 5F). In contrast, IR control mice
did not discriminate until trial block 3 (Figure 5M), confirming
that adult-born GCs are important for efficient discrimination.
The irradiation effect was also observed in activated DG-TeTX
mice (Figure 5N). Sham DG-TeTX mice began to discriminate
on trial block 3 (one block later than Shamcontrol mice), whereas
IR DG-TeTX mice were unable to discriminate until trial block 5,
therefore exhibiting the worst discrimination efficiency among
the four groups and indicating that young adult-born GCs in acti-
vated DG-TeTXmice are crucial for the contextual discrimination
observed in these mice.
Spatial Discrimination Is Normal in DG-TeTX Mice
For another test of behavioral discrimination, we used a delayed
nonmatching to place (DNMP) task in an eight-arm radial maze.
Mice with reduced hippocampal adult neurogenesis were
previously shown to be impaired in this task when the reward
arm was relatively close to the sample arm (Clelland et al.,
2009). Conversely, our present data show that activated DG-
TeTX mice made correct choices as efficiently as control mice
regardless of the angles separating the sample and reward
arms (Figures 6A–6C, p > 0.05 for comparison between geno-
types in each separation, t test), indicating that MF inputs from
the vast majority of GCs are dispensable for spatial pattern
separation.
Rate Remapping in the Hippocampus Is Normal
in DG-TeTX Mice
To obtain a physiological correlate of the normal spatial
discrimination observed in the DG-TeTX mice, we investigated
possible changes in the ensemble activity in CA3 and CA1 while
animals foraged in a novel arena after exploring a similar but
distinct familiar environment set in the same room (Figures
6D–6G and Table S2). Neuronal ensembles in the CA3 region
of DG-TeTX mice exhibited intact rate remapping between
the contexts compared to control animals (Figure 6F, ANOVA,
genotype 3 region: F(1,428) = 0.27, p = 0.62; genotype:
F(1,428) = 1.66, p = 0.19; region: F(1,428) = 13.09, p < 0.001; Bon-
ferroni post-test, control CA1 3 control CA3, p < 0.05; DG-
TeTX CA1 3 DG-TeTX CA3, p < 0.001). The rate differences
in CA3 of both DG-TeTX and control mice were what would
have been expected from the formation of an independent
representation (p > 0.05 for control and DG-TeTX, t test), but
CA1 rate differences were not (p = 0.012 and p < 0.001 for
control and DG-TeTX, respectively, t test). Figure 6G shows
the cumulative probability histogram for the rate overlap in
the CA3 and CA1 regions. Importantly, no genotype-specific
differences were observed in either CA3 or CA1 ensemblesr group) were subjected to contextual discrimination between a slightly distinct
discrimination fear conditioning. (I) The number of BrdU-positive cells in the DG
both genotypes, t test). (J) Freezing levels during the acquisition (blue, control;
R). (K) Freezing levels in A and C during the generalization test. (L) Experimental
in A (filled circles) and C (open circles) of control (M) and DG-TeTXmice (N). (O)
indicates Scheffe´’s correction for multiple comparison, p < 0.05. Scale bars in
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Figure 6. Normal Spatial Discrimination and Normal Rate Remapping in DG-TeTX Mice
(A) Pattern separation was tested using a DNMP protocol by varying angles between sample and reward arms (S, start arm; R, reward; see Experimental
Procedures).
(B) Two arms were separated by 45, 90, 135, and 180 in separations 1–4, respectively.
(C) Proportions of correct choices as a function of arm separation angles. The horizontal gray line represents chance. n = 12 per genotype.
(D) Example of behavioral pattern separation paradigm.
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(Mann-Whitney U-test; p > 0.05), yet in both genotypes, similar
differences were observed between the regions (Mann-Whitney
U-test; p < 0.05 and p < 0.01, respectively). These physiological
data support the behavioral data from the spatial discrimination
task and the conclusion that output from the vast majority of
DG GCs (i.e., old GCs) is not necessary for spatial pattern
separation.
Rapid Pattern Completion-Mediated Contextual Recall
Is Impaired in DG-TeTX Mice
The pre-exposure-dependent contextual fear conditioning
paradigm (Fanselow, 1986, 1990) has been used previously to
test a rodent’s ability to carry out pattern completion-based
memory recall (Matus-Amat et al., 2004; Nakashiba et al.,
2008). Figure 7A summarizes the protocols for the experimental
and control groups (see Experimental Procedures). At the probe
test, activated DG-TeTX mice displayed a freezing deficit (Fig-
ure 7B, p < 0.01, t test) that was likely due to the animals’
inability to rapidly (10 s re-exposure to a context) recall a full
contextual representation previously formed (presumably in
CA3) during pre-exposure under normal MF transmission, as
the freezing deficit was not present when the context re-expo-
sure time was prolonged to 3 min (Figures 7B and 7C,
ANOVA, genotype 3 time: F(1,115) = 4.647, p = 0.033; Bonferroni
post-test, p > 0.05 between genotypes in Figure 7C). The
freezing deficit was also not seen in DG-TeTX mice when condi-
tioning occurred under the Dox-on condition (Figures 7B and
7D, ANOVA, genotype 3 Dox condition: F(1,115) = 4.107, p =
0.045; Bonferroni post-test, p > 0.05 between genotypes in Fig-
ure 7D). When the pre-exposures were to a distinct context (Fig-
ure 7E), freezing levels were similar to controls not given a foot-
shock (Figure 7F, ANOVA, genotype 3 condition: F(1,44) = 0.050,
p = 0.8233; genotype: F(1,44) = 0.019, p = 0.900; condition:
F(1,44) = 0.161, p = 0.690). It is possible that the contextual
memory engram acquired under Dox-on conditions may have
been degraded during the subsequent 4-week-long Dox-off
period. However, when we measured contextual fear memory
in DG-TeTX mice 4 weeks after conditioning, we found no geno-
type-specific difference in freezing levels (Figures S6A and
S6B). These results indicate that MF output from the develop-
mentally born GCs and/or older adult-born GCs is crucially
involved in rapid pattern completion-mediated recall of contex-
tual memories.
Rapid Pattern Completion-Mediated Spatial Recall Is
Impaired in DG-TeTX Mice
We next subjected mice to the standard water maze task in
which the spatial memory was tested with varying degrees of
distal cue availability (Figures 7G and 7H). DG-TeTX mice
learned the location of the hidden platform with kinetics indistin-(E) Place field examples from control (left) and DG-TeTX mice (right) for CA1 (to
normalized to the maximum peak firing rate between the maps, indicated to the
(F) Rate remapping index for place cells recorded from CA1 (left) and CA3 (right) r
difference in rate between CA1 and CA3 in control and DG-TeTX mice (*p < 0.05 a
the estimated rate difference (ERD) expected given independent firing in the tw
between the actual and ERD in the CA1 regions of control and DG-TeTX mice (*
(G) Cumulative probability histograms of the overlap values (low rate/high rate) f
Data represent mean ± SEM. See also Table S2.guishable from control littermates under the Dox-on and full-cue
conditions (Figure 7I, ANOVA, genotype: F(1, 45) = 0.027, p =
0.870). We did not observe any genotype-specific differences
in distance traveled or swim speed (Figures S7A and S7B).
During the probe trials, we used the latency to reach the
phantom platform the first time as the measure of rapid memory
recall (Nakazawa et al., 2002; Slutsky et al., 2010). In the probe
trial conducted at the end of the training session (P1, Dox-on),
we did not detect any genotype-specific differences in the laten-
cies (Figure S7C). Following 5 weeks of Dox withdrawal, we sub-
jected the mice to successive probe trials under partial-cue
conditions, one trial per day. The latencies were significantly
longer in activated DG-TeTX mice compared to controls in the
one-cue probe trial (P2, Figures 7J and 7K, p < 0.05, t test),
and there were longer, though not significant, latencies for
mutants in the two-cue probe trial (P3, Figures 7J and 7K, p >
0.05, t test). These prolonged latencies were not due to
enhanced memory extinction in the mutants because in the
full-cue probe trial conducted 1 day later, the mutants’ latencies
were comparable to those of controls (P4, Figures 7J and 7K),
whichwere not significantly different from the latencies observed
in P1 (ANOVA, genotype3 probe trials: F(1,45) = 0.004, p = 0.652;
genotype: F(1,45) = 1.203, p = 0.279; probe trials: F(1,45) = 1.986,
p = 0.166). Furthermore, the longer latencies observed in the
mutants under the P2 condition were not due to a deficiency in
swimming, as the swim speeds in the mutants were similar to
those of controls in the full-cue probe trial (P4, Figure S7E).
The latencies observed in P2, P3, and P4 indicate that while
the control mice can recall the memory under partial-cue condi-
tions as well as the full-cue condition, themutants’ recall ability is
sensitive to the extent of cue availability (ANOVA, probe trials:
F(2,45) = 5.777, p = 0.004; Bonferroni post-test, p > 0.05 for
comparison of pairs among P2, P3, and P4 in both genotypes,
except p < 0.01 for P2 versus P4 in DG-TeTX mice). In the probe
trial conducted with none of the four distal cues 1 day after the
full-cue probe trial (i.e., P5), both genotypes showed similar
latencies (Figure S7D). In control mice, the latency in P5 was
significantly longer than any of the latencies observed under
the other conditions (ANOVA, probe trials: F(3,45) = 17.92, p <
0.0001; Bonferroni post-test, p < 0.001 for comparison of P2,
P3, or P4 to P5). In contrast, mutants’ latencies in P5 were indis-
tinguishable from those in P2 (Bonferroni post-test, p > 0.05 for
P2 versus P5) but significantly longer than those in P3 or P4 (Bon-
ferroni post-test, p < 0.01 for P3 versus P5; p < 0.001 for P4
versus P5). We also measured the spatial memory under the
partial-cue condition using the 90 s platform occupancy test
and found no genotype-specific or cue paucity-dependent defi-
cits (Figures S7F and S7G). Thus, when sufficient time is allowed,
the mutant mice can recall the location of the phantom platform
under the partial-cue condition. These results indicate that thep) and CA3 (bottom) pyramidal cells. The two maps from each example were
right of each pair.
egions of control (blue) and DG-TeTX mice (red). There was a similar significant
nd ***p < 0.001, respectively, t test). The red bars above each column represent
o boxes for that region/genotype. Only significant differences were observed
p = 0.012 and ***p < 0.001, respectively, t test).
or each genotype and region.
Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc. 197
Figure 7. DG-TeTX Mice Exhibit Deficits in Pattern Completion-Mediated Contextual and Spatial Recall
(A–F) Pre-exposure-dependent contextual fear conditioning. (A) Experimental procedure for (B)–(F). Repressed DG-TeTX and control littermates were subjected
to a pre-exposure session (for 5 consecutive days, 10 min per day) in either context A or D. The mice were then shifted to a Dox-free diet (except in D). Next, the
micewere (re)-exposed to context A and then received a single footshock within either 10 s or 3min.Mice in (F) did not receive a footshock. (B–F) Freezing levels in
context A measured 1 day after (re)-exposure (blue, control; red, DG-TeTX). n = 35 and 36 in (B) for DG-TeTX mice and control mice, respectively; n = 24, 24, 12,
and 12 for both genotypes in (C), (D), (E), and (F), respectively; **p < 0.01, t test).
(G–K) Spatial memory recall with various cue conditions in the standard Morris water maze task. (G) Experimental procedure. Repressed DG-TeTX (n = 23) and
control littermates (n = 24) were trained to locate a hidden platform location in the full-cue condition. Themice were then switched to a Dox-free diet. The P1 probe
trial was conducted under the Dox-on condition, whereas the P2–P5 probe trials were conducted under the Dox-off condition. (H) Probe trials with cue
manipulation. (I) Escape latencies to the hidden platform during the training (blue, control; red, DG-TeTX). (J) First latencies to the phantom platform during the
probe trials. (K) Examples of the swim path to the phantom platform (red) for the probe trials (the black circle represents the start point). *p < 0.05; yp < 0.01 in
DG-TeTX mice, P2 versus P4.
Data represent mean ± SEM. See also Figures S6 and S7.mutants’ deficits are in the speed of pattern completion recall
rather than in its capacity. Our results suggest that the MF input
from old GCs promotes this specific aspect of pattern comple-
tion-mediated recall.
DISCUSSION
Because the properties of mutants’ dentate GCs are crucial for
the interpretation of behavioral and in vivo physiological data,
we first used in vitro electrophysiology and cell biology to char-
acterize them. Our data indicated that in the mutants, transmis-
sion is robustly and specifically inhibited at most MF-CA3
synapses under the Dox-off condition (Figure 2). Our data also
demonstrated that 3- to 4-week-old adult-born GCs are func-
tionally integrated into the network, and that the physiological198 Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc.properties of these adult-born GCs are not affected by lack of
MF transmission of the majority of GCs (Figures 2, 3, 4, and
S3). The MF-CA3 contacts of the young adult-born GCs,
however, gradually declined after 4 weeks of age with about
5% remaining intact at 6 weeks of age (Figures 3E and 3F). It is
known that adult-born dentate GCs are highly excitable and
exhibit greater synaptic plasticity compared to the numerically
dominant developmentally born (and hence older) GCs
(Schmidt-Hieber et al., 2004; Ge et al., 2007) up to 6 weeks
of cellular age and thereafter become less active and indistin-
guishable from developmentally born GCs (Laplagne et al.,
2006). Therefore, it seems that the TeTX manipulation in the
DG-TeTX mice spared a substantial portion of the highly excit-
able and synaptically plastic young adult-born GCs while inhibit-
ing the MF transmission of most of the developmentally born
GCs and less active older (>6 weeks of age) adult-born GCs. In
the remaining discussion, we refer the 3- to 4-week-old adult-
born GCs as young GCs and the combined developmentally
born and older adult-born GCs as old GCs.
Overall, our results indicate that old GCs do not play a critical
role in pattern separation between similar environments but are
required for attaining a normal level of rapid pattern comple-
tion. These findings were unexpected given that previous theo-
retical and experimental work has suggested that the EC/
DG/CA3 pathway is crucial for pattern separation (Marr,
1971; McNaughton and Morris, 1987; Treves and Rolls, 1994;
Gilbert et al., 2001; Leutgeb et al., 2007; McHugh et al.,
2007; Hunsaker and Kesner, 2008) and has focused less on
its contributions to pattern completion, although it has been
suggested that pattern completion could be associated with
the strengthening of EC/DG synapses (O’Reilly and McClel-
land, 1994).
Our current study combined with the recent studies focusing
on the role of adult-born DG GCs (Clelland et al., 2009; Scobie
et al., 2009; Tronel et al., 2012) provide several new concepts
and clarifications regarding the function of the EC/DG/CA3
pathway in episodic memory. First, the lack of MF input from
old DG GCs did not impair discrimination of similar contexts or
spaces (Figures 5C–5G and 6A–6C), indicating that, under these
conditions, neither the greater number nor sparse activity of DG
GCs compared to cells in the superficial layers of the EC (Amaral
et al., 1990; Jung and McNaughton, 1993), on which most
models are based, is sufficient for pattern separation of similar
contexts or spaces. This point is important because it is often
under these circumstances that we rely on our pattern separa-
tion capability for guiding intelligent behavior. Second, we
observed a trend indicating that old GCs may be involved in
the discrimination of relatively distinct contexts (compare
Figures 5G and 5N), suggesting that the spatial and temporal
dispersion of memory-encoding cells as the information flows
from the EC to DG followed by its orthogonalization from DG to
CA3 (McNaughton and Morris, 1987; Treves and Rolls, 1994)
may contribute to pattern separation of relatively distinct
contexts. Third, we confirmed by X-ray irradiation that adult-
born DGGCs are crucial for efficient acquisition of the contextual
discrimination power in normal mice (Scobie et al., 2009; Tronel
et al., 2012; Sahay et al., 2011). Additionally, we demonstrated
that it is the young adult-born GCs that are required for the
discrimination of similar contexts. Fourth, among the four groups
used in the X-ray irradiation experiments, the IR DG-TeTX mice
exhibited the lowest efficiency in contextual discrimination
(Figures 5M and 5N). These mice lack functional MF transmis-
sion from both developmentally born and adult-born GCs,
leaving only the direct PP input to CA3 from EC layer II. Thus,
our results suggest that this input does not support pattern sepa-
ration. Finally, regarding the discrepancies between the present
work and previous lesion-based studies (Kesner, 2007; Lee and
Kesner, 2004), lesions would have damaged the output of both
young and old GCs and therefore would not have permitted
the elucidation of their differential roles. Likewise, the contextual
discrimination and the rate-remapping deficits observed in DG-
NR1 knockout (KO) mice (McHugh et al., 2007) could be due to
the inhibition of synaptic plasticity in young GCs because thePOMC promoter is active in these cells (Figure S4) (Overstreet
et al., 2004).
The enhanced contextual discrimination in activated DG-
TeTX mice was observed only when a highly similar pair of
contexts was used for contextual fear conditioning (Figures 5F
and 5G). At the moment, we can only speculate how this
phenomenon occurred under these conditions. One possibility
is that pattern completion and separation are counteractive in
control mice and that the deficit in the former led to an enhance-
ment of the latter in mutant mice. This possibility is supported
by at least two previous studies. In theoretical models, O’Reilly
and McClelland suggested a trade-off between these two
mnemonic processes (O’Reilly and McClelland, 1994). In prac-
tice, MF boutons from young and old GCs were found to share
the same spines of CA3 cells in some cases but synapse sepa-
rately on different spines from CA3 cells in other cases,
suggesting a competition for their targets (Toni et al., 2008).
Such a competition or trade-off may be subtly controlled to
maintain the optimal balance of separation and completion,
and the effect of the reduction of one on the other may not
necessarily be revealed in all discrimination tasks. Another
possibility for the lack of enhanced discrimination in the radial
maze task in our mutants is that discrimination may already
be saturated in control mice.
How would MFs from old GCs favor pattern completion
whereas MFs from young GCs promote pattern separation?
The core of our hypothesis is that old GCs may tend to lead
the system into previously existing CA3 attractor states, whereas
younger GCs may help form new attractor states in CA3. Old
GCs are likely to have participated in the formation of many
memory engrams of numerous past experiences because they
have been encoding information throughout the animal’s life.
These engrams are likely overlapping, perhaps reflecting a high
degree of engram overlap in the EC and the high redundancy
of the EC/DG connections (Amaral et al., 1990). This is sup-
ported by in vivo physiology studies showing that it is largely
the same GCs, firing at different rates, that allow the DG to
generate different representations of similar but distinct environ-
ments (Leutgeb et al., 2007). In contrast, young GCs have only
recently been incorporated into the functional network, and
memory engrams supported by these cells would be greatly
limited in their diversity and less likely to overlap than engrams
supported by old GCs. When an animal encounters a new expe-
rience, both old and young GCs would participate in the forma-
tion of the new engram in the dentate. These cells would then
converge downstream on CA3 to form corresponding engrams.
The greater the young GCs’ contribution to the dentate engram,
the more distinct the new dentate and CA3 engrams would be,
whereas the old GCs would have an opposite effect. In this
process, the numerical disadvantage of young GCs over the
old GCs may be compensated by the greater excitability and
synaptic plasticity of young GCs (Schmidt-Hieber et al., 2004;
Ge et al., 2007; Kee et al., 2007; Tashiro et al., 2007), and there
may be additional unknown mechanisms that may favor the
output of these cells (e.g., differential connection with inhibitory
neurons). When two experiences are very similar, a greater
participation of young GCs would be crucial for separation,
whereas the discrimination of a more distinct pair of experiencesCell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc. 199
can be accomplished by greater participation of old GCs. More-
over, our data indicate that for a given pair of experiences, the
ability to distinguish (separate) can be improved by the repetition
of the experiences, presumably via synaptic plasticity (Figures 5
and 6) (McHugh et al., 2007).
For pattern completion, information that arrives at the DG via
the EC is from partial or degraded recall cues. Such information
will activate the previously formed CA3 memory engram more
efficiently if it can first activate overlapping DG engrams to which
old GCs contributed more than young GCs. Thus, the role of old
GCs in pattern completion may be to rapidly initiate the reactiva-
tion of the relevant recurrent network in CA3 that contains the
engram for the episode.
Our data indicate that the recall of oldmemories and the forma-
tion of new memories preferentially involve two distinct anatom-
ical substrates consisting of varying subsets of GCs of different
ages in the hippocampal DG. Therefore, adult-born GCs likely
have a critical period of a few weeks in which they support
pattern separation, and as they age, these cells may undergo
a functional switch from pattern separation to acquiring an
increased ability to trigger pattern completion-mediated recall.
EXPERIMENTAL PROCEDURES
All methods and statistics are described in detail in the Extended Experimental
Procedures.
Generation of Mice
DG-TeTX mice and their control littermates (Tg13Tg3-TeTX) were generated
using a strategy similar to that previously described (Nakashiba et al., 2008)
combined with the POMC-Cre transgenic line (Tg1) (McHugh et al., 2007).
Mice were raised with drinking water containing 10 mg/ml Dox (Sigma) supple-
mented with 1% sucrose (Sigma) from the time of conception to weaning and
thenwith food containing 10mgDox/kg (Bioserve) fromweaning to adulthood.
Histological Methods
Immunofluorescence was performed on cryosections or vibratome sections of
tissue perfused with 4% paraformaldehyde following standard protocols.
In Vitro Slice Physiology
Field excitatory postsynaptic potentials (fEPSPs) were measured in 300 mm-
thick hippocampal slices with MF, PP, or RC stimulation. Whole-cell patch
clamp recordings were performed from young adult-born GCs in hippocampal
slices of mice injected by Moloney virus.
Moloney Virus Generation and Injection
The Moloney virus was generated in transfected 293T cells following standard
protocols (Lois et al., 2002). Concentrated viral aliquots (0.9 ml, approximately
109 infectious units/ml) were injected into the DG at the following sites (in mm):
AP = 2.06 and ML = +1.25 from bregma, DV = 1.75 from the brain surface;
AP = 2.70 and ML = +2.00 from bregma, DV = 1.75 from the brain surface.
Behavioral Experiments
Hippocampal-dependent behavioral tasks included contextual discrimination
(McHugh et al., 2007), eight-arm radial maze (Clelland et al., 2009), pre-expo-
sure-dependent contextual fear conditioning (Nakashiba et al., 2008), and
Morris water maze (Nakazawa et al., 2002; Slutsky et al., 2010).
In Vivo Electrophysiology
Control (n = 14) and DG-TeTX mice (n = 18) were familiarized to one of the two
environments for 3 days. On testing day 4, putative neurons from the CA1 and
CA3 regions of the hippocampus were recorded while animals explored the
familiar environment for 15min, followed by the presentation of the contrasting200 Cell 149, 188–201, March 30, 2012 ª2012 Elsevier Inc.novel environment for 15 min. Before and after each RUN session, mice were
placed for 20 min in a small ‘‘SLEEP’’ box separate from the recording arenas.
The presentation of arenas was randomized between animals.
Statistical Analysis
All data are presented as mean ± standard error of the mean (SEM). Compar-
isons between two-group data were analyzed by Student’s t test. If the data
did not meet the assumptions of the t test, the data were analyzed with the
nonparametric Mann-Whitney U-test. Multiple group comparisons were as-
sessed using a two-way or repeated-measures ANOVA, followed by the Bon-
ferroni’s post-hoc test when necessary. With Scheffe´’s method to correct for
multiple comparisons, discrimination training was analyzed for each trial block
within each genotype, with a protection significance level of p = 0.05. The null
hypothesis was rejected at the p < 0.05 level.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven
figures, and two tables and can be found with this article online at doi:10.1016/
j.cell.2012.01.046.
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